Introduction {#sec1_1}
============

Childhood obesity is associated with a wide spectrum of medical comorbidities of significant physical and psychological impact \[[@B1]\]. The individual and financial costs associated with musculoskeletal conditions are substantial \[[@B2]\], and musculoskeletal pain has been identified as the most expensive of all disease categories in Europe \[[@B3]\].

Recently, obesity has been acknowledged as a key risk factor for musculoskeletal problems in children and adolescents. Obese children have an increased fracture risk \[[@B4]\], suffer more frequently from back, hip, and knee pain \[[@B4],[@B5],[@B6]\], and present with more impaired flexibility \[[@B7]\], changes in foot structure \[[@B8],[@B9]\], osteoarthritis \[[@B10],[@B11],[@B12]\], slipped capital femoral epiphysis \[[@B13]\], and Blount\'s disease \[[@B14]\] compared to normal-weight individuals. Lower extremity malalignment, which might predispose to osteoarthritis \[[@B10]\], has also been suggested to be highly prevalent in obese children \[[@B4],[@B5],[@B7],[@B15]\].

However, no studies have yet assessed these patients regarding the clinical distinction of actual malalignment from the mere abduction setting of the leg, which can be challenging in daily routine, particularly in morbidly obese patients. In addition, there is a lack of data on the prevalence and the extent of femoral and tibial deviation in malaligned extremities. This is relevant because a timely diagnosis may have immediate therapeutic implications in juveniles.

Therefore, the current study aims to determine i) whether obesity in childhood is related to malalignment of the distal extremities, ii) the proportion of genu valgum malalignment and abduction setting of the leg, and iii) the respective deviation dominance (i.e. femoral vs. tibial) in morbidly obese children.

Subjects and Methods {#sec1_2}
====================

The study population consisted of morbidly obese Caucasian children recruited for the STYrian Juvenile Obesity Study (STYJOBS; [ClinicalTrials.gov](http://www.ClinicalTrials.gov) Identifier NCT00482924) at the Department of Pediatrics, Paracelsus Medical School Salzburg, Austria, from March 2007 to May 2011. None of the patients were referred for orthopedic reasons. All patients were morbidly obese, defined as a BMI \> 99.5 percentile for age and sex \[[@B16]\], and aged between 6 and 19 years. The subjects enrolled were apparently healthy based on a complete physical examination. Exclusion criteria were chronic rheumatic disease, major trauma, or fracture of the distal extremities leading to their malalignment. 31 subjects (16 males) were eligible for evaluation (table [1](#T1){ref-type="table"}). Oral consent from all participants as well as parental consent for minors was obtained.

Anthropometric Measurements {#sec2_1}
---------------------------

Height, weight, and waist circumferences were obtained from all children. The participants wore light clothing (e.g. shorts and a light top) and no shoes during the measurements. Standing height was measured to the nearest 0.1 cm using a portable calibrated stadiometer (SECA). Body mass was measured to the nearest 0.01 kg using calibrated electronic scales (SECA 701). The BMI was calculated as the weight in kilograms divided by the square of height in meters (kg/m^2^). The degree of overweight was quantified by using Cole\'s least mean square method, which normalizes the BMI-skewed distribution and expresses BMI as a standard deviation (SD) score (BMI-SDS). Waist circumference was measured in a standing position with a flexible tape midway between the lower costal margin and the superior border of the iliac crest.

Clinical Orthopedic Examination {#sec2_2}
-------------------------------

As described by Westhoff et al. \[[@B17]\], the distal extremities were assessed in the frontal plane by observing the standing participant from the front and from the back. The assessment of lower limb alignment, however, can be challenging in patients with excessive subcutaneous fat accumulation. Thus, the Mikulicz line was used in order to evaluate the alignment of the lower extremities. This method was originally designed to objectively assess limb alignment using long-leg X-rays \[[@B18]\]. In this study, the patient was positioned in supine position with outstretched legs for the initial clinical assessment. Using a piece of rope, the top end was positioned two square fingers medial to the superior anterior iliac spine and was drawn to the talocrural articulation, thereby clinically reproducing the Mikulicz line. If the rope was passing centrally through the knee, indicating a physiological burden of the joint, an abduction setting of the knee was diagnosed. If the line passed medially to the patella or medially to the intercondylar eminentia of the tibia, the setting was interpreted as genu varum; the line passing laterally to the patella was interpreted as genu valgum. In cases of clear or suspected malalignment, an anteroposterior weight-bearing long-leg X-ray was performed to distinguish between actual misalignment of the extremity and abduction setting of the leg, and to determine the respective degree of misalignment/abduction setting, as previously described by Strecker \[[@B19]\]. A 1° physiologic variation of the mechanical weight-bearing axis from the center of the knee joint and a 1° error in measurement was assumed. All subjects displaying an axial deviation \>2° were diagnosed as genu valgum or genu varum \[[@B20]\]. This value is in accordance with the SD of the tibiofemoral angle, as previously reported \[[@B21],[@B22],[@B23]\]. In cases of malalignment, the axial deviation was also used to determine the deviation dominance (i.e. femoral vs. tibial). For this, the anatomic lateral distal femoral angle (aLDFA) and medial proximal tibial angle (MPTA) were used to describe the axes between knee joint line and the related anatomic axes in the frontal plane defined by a line drawn through the diaphyseal shaft of the femur/tibia \[[@B19]\]. The physiologic norm for these angles was defined as 85-90° (MPTA) and 79-83° (aLDFA) \[[@B19]\]. A deviation in one of the two angles indicated the center of rotation of angulation (CORA) of the malalignment.

Results {#sec1_3}
=======

The clinical characteristics of the study participants are given in table [1](#T1){ref-type="table"}. Data are given as means and SD. All patients were morbidly obese.

Alignment of Distal Extremities {#sec2_3}
-------------------------------

10/31 (32.3%) patients showed normal alignment of the distal extremities upon physical examination, requiring no X-ray. According to investigational standards of the Orthopedic Department of the University Hospital Salzburg, an X-ray was only taken if the Mikulicz line was not centered at the patella or if the iliac crest could not be detected due to abdominal mass (21/31 patients = 67,7%). In 12 of these individuals (12/31 = 38.7%), no malalignment could be diagnosed radiographically (with 4 patients showing an abduction setting and 2 an adduction setting). 8/31 (25.8%) patients showed genu valgum and 1/31 (3.2%) genu varum (table [2](#T2){ref-type="table"}).

Mechanical Axis Deviation {#sec2_4}
-------------------------

In 6/8 (i.e. 75%) participants, genu valgum malalignment was due to femoral malalignment, in 1 (12.5%) individual due to tibial malalignment, whereas in 1 (12.5%) participant combined malalignment of femur and tibia was detected. Of the participants without malalignment, 4/12 (33.3%) had an abduction setting and 2/12 (16.7%) an adduction of the leg (table [2](#T2){ref-type="table"}). The mechanical axis deviation from the center of the knee in patients with genu valgum malalignment ranged from 2.5 to 4.7°on the right side and from 2.1 to 5.8° on the left side. There was 1 participant demonstrating genu varum malalignment who showed a deviation of 3.9° of the right knee.

The aLDFA ranged from 73.9 to 85.6° on the right leg and from 72 to 85.7° on the left side. The aLDFA of the participant with genu varum malalignment was 85.6°. The MPTA on the right side ranged from 86 to 89.5° and from 84 to 90° on the left side. The MPTA of the participant with genu varum malalignment was 88.1° (table [3](#T3){ref-type="table"}).

Therapeutic Consequences {#sec2_5}
------------------------

Of all overweight and obese juveniles with radiographically confirmed genu valgum and genu varum, 5/9 (55.6%) were recommended to undergo surgical therapy in terms of temporary epiphyseodesis using a tension plate \[[@B24]\]. The other participants with malalignments were either suffering from only slight malalignment (1/9, i.e. 11.1%) or complete closure of the growth plates (3/9, i.e. 33.4%). All patients were referred to interdisciplinary obesity treatment.

Discussion {#sec1_4}
==========

This cross-sectional study assessed 31 obese pediatric patients and found that valgus malalignment with femoral deviation is frequent in morbidly obese juveniles. Early diagnosis of lower extremity malalignment seems to be crucial in obese youth in order to allow for temporary epiphysiodesis as well as to prevent them from osteotomy and, most importantly, irreversible osteoarthritis in later life. Interestingly, femoral deviation was more common than tibial deviation in our morbidly obese pediatric patients. This seems crucial as it might imply direct therapeutic consequences in terms of surgical axis correction and temporary epiphyseodesis.

Children and adolescents who are overweight and especially those who are obese suffer from a multitude of orthopedic complications including musculoskeletal discomfort, spinal complications such as scoliosis or lumbar hyperlordosis, slipped capital femoral epiphysis, osteoarthritis, Blount\'s disease, bone fractures \[[@B5],[@B13],[@B25],[@B26]\], structural changes of plantar anatomy \[[@B8]\], reduction in flexibility, impaired mobility, and malalignment of the lower extremities \[[@B4],[@B5],[@B7]\].

Among other factors, joint alignment has been described to be vital for osteoarticular health of the knee \[[@B27]\]. About 50% of severely obese adults (mean BMI 39.9 ± 5.8 kg/m^2^) presented with marked lesions of the cartilage of the knee in an Australian study \[[@B28]\]. More importantly, a recent study demonstrated that morbidly obese children and adolescents with knee pain already showed marked morphological changes of the cartilages of different grades and in different compartments of the knee \[[@B29]\].

In general, there are two categories of hypotheses to explain the obesity-osteoarthritis relationship: metabolic and mechanical. A possible relationship between metabolic parameters of obesity and adult osteoarthritis could not be established. Yet, different paradigms have been suggested in which obesity increases the risk of osteoarthritis directly or by influencing local factors that mediate the mechanical impact of excess body weight on the knee \[[@B11]\]. While axial loading, as represented by BMI, was shown not to contribute to the increasing knee angles in normal, healthy-weight children \[[@B30]\], the results of our study confirm our assumption of a high prevalence of malalignments of the distal extremities in morbid obesity as early as during childhood. Even though there is a paucity of literature demonstrating the relationship between body mass and the magnitude of the knee angles in juveniles, our findings are in accordance with previous studies \[[@B4],[@B5]\]. However, while Taylor et al. \[[@B4]\] used non-weight-bearing images, full-limb X-ray pictures of the lower extremity under weight-bearing conditions with the participants in standing position were used in the current study. These conditions are more likely to reveal the clinically relevant static effect of excess weight loaded on misaligned knees. In keeping with Taylor et al. \[[@B4]\], the majority of our young patients with malalignment showed genu valgum. This is in contrast to adult data where most obese patients exhibit varus rather than valgus alignment \[[@B31]\]. Tayler et al. \[[@B4]\] hypothesized that even mild malalignment might lead to skeletal discomfort and pain if children are overweight or obese. In the development of the lower extremity axis, vertical pressure leads to growth, bone formation, and alignment. This value is in accordance with genu varum, is gradually aligned, and then leads to genu valgum, which reaches its maximum at the age of 3 years and decreases to normal values at around 9 years of age. Most studies on lower limb alignment in children have used the tibiofemoral angle to describe angular deformities of the tibia or femur in the frontal plane \[[@B21],[@B22],[@B23]\], thus depicting the anatomical axis. However, the mechanical load is best described by the mechanical axis based on the joint reference lines of the hip, knee, and ankle \[[@B32]\].

Given these facts, we hypothesize that overweight might not only decrease mobility and flexibility in children but may also interfere with the natural development of the bone axis so that valgus malalignment persists in a subset of patients. Thus, early-onset obesity before puberty might be a particular risk factor for malalignment and consequent orthopedic complications. There are recent data available showing that structural and physiological changes such as alterations in passive joint restraints occur during puberty. These may not only affect the type, severity, and incidence of injuries in the maturing adolescent population but also contribute to decreased mobility and flexibility in overweight children \[[@B33]\].

Due to a lack of prospective studies the long-term clinical significance of childhood knee malalignment associated with obesity has yet to be determined. However, since obesity may increase the magnitude of joint loading, joint position and alignment may influence knee-joint forces. The latter have been theorized to play a pivotal role in the progression of osteoarthritis in the obese by altering stress distribution within the joint \[[@B27]\]. Gushue et al. \[[@B34]\] and Strutzenberger et al. \[[@B35]\] found that obese children have greater knee moments, causing greater loading of the musculoskeletal structures compared to normal-weight children. However, Felson et al. \[[@B10]\] concluded that the effect of BMI might be limited to knees in which at least moderate malalignment exists. Since knee alignment has been shown to influence pain and functional deficits in adult patients with knee osteoarthritis \[[@B36]\], a recent long-term study assessing the relationship between BMI throughout a lifetime and knee pain in adulthood is of great interest: Macfarlane et al. \[[@B37]\] demonstrated that being overweight in teenage years and early adulthood is predictive of knee pain at the age of 45. In addition, a recent study could show that valgus malalignment increases the risk of knee osteoarthritis as assessed by X-ray progression as well as the incidence of lateral cartilage damage \[[@B38]\]. In contrast, it was reported that BMI was positively associated with the severity of joint space narrowing in individuals with varus alignment but not in those with valgus alignment when determined by full-limb radiographs in adults \[[@B11]\]. Westhoff et al. \[[@B17]\] also found that valgus alignment is less likely to cause arthritis than varus alignment.

The growth potential of the distal femur has been shown to be superior as compared to the proximal tibial physis \[[@B39]\]. To the best of our knowledge, we are the first to report that femoral deviation is more common than tibial deviation in obese pediatric patients. Therefore, the differentiation in tibial/femoral predominance of malalignment seems crucial as this might imply direct therapeutic consequences in terms of surgical axis correction and temporary epiphyseodesis \[[@B40],[@B41]\].

Of the participants in our study without malalignment, about one third was diagnosed with an abduction or adduction setting of the legs. These children showed a physiologic mechanical axis on full-limb X-ray and a normal burden of the knee joint. Under daily clinical conditions the differentiation between mere abduction setting and actual pathologic alignment can be difficult in morbidly obese patients (fig. [1](#F1){ref-type="fig"}). Although the Mikulicz line is commonly used to interpret lower limb alignment in long-leg X-rays, its clinical depiction by the use of a rope offers a simple screening method in order to differentiate malalignment and abduction setting. However, this is only possible in a minority of morbidly obese juveniles due to difficulties in identifying the respective anatomic landmarks, thus making an X-ray necessary. Moreover, long-leg X-ray pictures allow for defining the degree of severity of malalignment, which is important for surgical treatment decision. However, this method has some limitations. Obesity might pose a problem in diagnosing X-ray pictures and defining anatomic landmarks because of blurred pictures of the femoral head. By holding up abdominal aprons or depicting the femoral head separately, this problem can be avoided.

In our opinion, the results of our study are of utmost clinical relevance: Almost a third of all obese juveniles assessed had a degree of valgus malalignment resulting in referral for surgical correction. In addition, some patients showed closure of the epiphyseal plate and would also have benefited from timely intervention. Diagnosis prior to closure of the epiphyseal plate allows for the comparably simple intervention of epiphyseodesis as compared to osteotomy after further maturation of the bones. While it is common consensus that timely measures to prevent early-onset cardiovascular complications of childhood obesity are necessary \[[@B42],[@B43]\], an equivalent claim seems to be necessary to allow for early diagnosis and swift treatment where knee malalignment is concerned. Current recommendations relating to the assessment of obese children lack detailed guidance for primary and secondary care as far as orthopedic comorbidities are concerned \[[@B44],[@B45]\]. Although our data can only be regarded as preliminary, the following clinical algorithm seems to deserve further studies: Juveniles who are morbidly obese should undergo a thorough orthopedic assessment including evaluation of lower limb alignment at the beginning of puberty (fig. [2](#F2){ref-type="fig"}). In the case of suspected or definite malalignment, referral to a pediatric orthopedic specialist for further evaluation seems mandatory to allow for timely surgical intervention if necessary. In any case, effective obesity treatment -- including bariatric surgery if indicated -- must be initiated (fig. [3](#F3){ref-type="fig"}) \[[@B45],[@B46]\]. However, weight loss has been shown to be difficult to achieve in obese children \[[@B47]\]. Nonetheless, Widhalm et al. \[[@B29]\] proposed that pediatric patients who are obese require professional care concerning musculoskeletal disorders and most importantly physical activity programs adapted to the child\'s needs, skills, and handicaps. Similarly, Shultz et al. \[[@B48]\] stated that obese children need well-prescribed physical activity programs with less weight-bearing activities. Restoring correct lower limb alignment thus constitutes a prerequisite for knee-joint-friendly physical activity.

There are limitations to our study that need to be acknowledged. Firstly, the small study population prevents us from drawing statistically relevant conclusions regarding the prevalence of malalignment and of the specific types of deviations in general. However, the main conclusions of our study are significant but call for larger studies to obtain further information. Secondly, we cannot exclude referral bias. Most patients were sent to our clinic for metabolic assessment and not due to pain or for orthopedic evaluation.

In conclusion, morbidly obese children frequently suffer from substantial malalignment in need of correction. It is essential that children who are obese receive an accurate assessment of the musculoskeletal system in order to screen for such malalignments to identify those who might require further intervention. Obese children who are showing signs of malalignment should partake in weight management as early as possible in order to avoid progression to pathological deformity requiring surgical correction. Finally, children who are obese and have pathological malalignment should undergo early surgical intervention to achieve axial correction prior to closure of the epiphyseal plates. This might prevent children from undergoing osteotomy and experiencing further complications.
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###### 

Clinical characteristics of study participants (n = 31)

                            Total cohort
  ------------------------- --------------
  Age, years                13.9 ± 0.5
  Body height, cm           162.3 ± 2.7
  Body weight, kg           90.6 ± 5.0
  BMI, kg/m^2^              33.8 ± 1.2
  BMI-SDS                   2.78 ± 0.09
  Waist circumference, cm   105.9 ± 3.9

BMI-SDS = Body mass index standard deviation score.

###### 

Alignment of the distal extremities (31 participants)

                                               n
  -------------------------------------------- ----
  *Anatomical malalignments*                   
  Genu valgum                                  8
  Femur                                        6
  Tibia                                        1
  Femur + tibia                                1
  Genu varum                                   1
                                               
  *No anatomical pathology*                    
  Clinical diagnosis (Mikulicz line central)   10
  Radiographic diagnosis                       12
  Abduction of knee \>2° to plumb line         4
  Adduction of knee \>2° to plumb line         2

###### 

Mechanical axis deviation from the center of the knee

                        Mean mechanical axis deviation   aLDFA                      MPTA
  --------------------- -------------------------------- -------------------------- ------------------------
  Genu valgum (n = 8)                                                               
  Right leg             3.3 ± 0.8° (2.5−4.7°)            78.2 ± 3.7° (73.9−85.6°)   88.2 ± 1.3° (86−89.5°)
  Left leg              3.4 ± 1.4° (2.1−5.8°)            79.3 ± 4.6° (72−85.7°)     87.7 ± 1.8° (84−90°)
  Genu varum (n = 1)                                                                
  Right leg             3.9°                             85.6°                      88.1°

aLDFA = Anatomic lateral distal femoral angle (reference 79−83° \[[@B19]\]); MPTA = medial proximal tibial angle (reference 85−90° \[[@B19]\]).
